How divergent genetic systems regulate a common pathway during the development of two serial structures, forelimbs and hindlimbs, is not well understood. Specifically, HAND2 has been shown to regulate Shh directly to initiate its expression in the posterior margin of the limb mesenchyme. Although the Hand2-Shh morphoregulatory system operates in both the forelimb and hindlimb bud, a recent analysis suggested that its upstream regulation is different in the forelimb and hindlimb bud. A combination of all four Hox9 genes is required for Hand2 expression in the forelimb-forming region; however, it remains elusive what genetic system regulates the Hand2-Shh pathway in the hindlimb-forming region. By conditional inactivation of Islet1 in the hindlimb-forming region using the Hoxb6Cre transgene, we show that Islet1 is required for establishing the posterior hindlimb field, but not the forelimb field, upstream of the Hand2-Shh pathway. Inactivation of Islet1 caused the loss of posterior structures in the distal and proximal regions, specifically in the hindlimb. We found that Hand2 expression was downregulated in the hindlimb field and that Shh expression was severely impaired in the hindlimb bud. In the Hoxb6Cre; Islet1 mutant pelvis, the proximal element that is formed in a Shh-independent manner, displayed complementary defects in comparison with Pitx1 -/-hindlimbs. This suggests that Islet1 and Pitx1 function in parallel during girdle development in hindlimbs, which is in contrast with the known requirement for Tbx5 in girdle development in forelimbs. Our studies have identified a role for Islet1 in hindlimb-specific development and have revealed Islet1 functions in two distinct processes: regulation upstream of the Hand2-Shh pathway and contributions to girdle development.
INTRODUCTION
Vertebrate limb buds emerge as paired protrusions in the lateral plate mesoderm (LPM), forelimb buds located anteriorly and hindlimb buds located posteriorly. The molecular and genetic systems for correct patterning and growth of the limb bud have been studied extensively, mainly in mouse and chick model systems, and have demonstrated that the forelimb and hindlimb buds share most of their developmental programs (Zeller et al., 2009) . Studies of various animal models, such as chondrichthyes (cartilaginous fishes) and teleost fish, have illustrated that limb/fin developmental systems are evolutionarily conserved, and suggested lateral fin folds as the origin of paired appendages (Tanaka et al., 2002; Yonei-Tamura et al., 2008) . Throughout the development of the limb and fin in animals examined so far, SHH is a central factor (Dahn et al., 2007; Krauss et al., 1993; Riddle et al., 1993) . Shh encodes a secreted cell-cell signaling molecule expressed at the posterior margin, which defines the mesenchymal zone of polarizing activity (ZPA) in both forelimb and hindlimb buds (Riddle et al., 1993) . SHH regulates anterior-posterior patterning of digits and distal outgrowth of the limb bud (Chiang et al., 1996; Riddle et al., 1993; Yang et al., 1997) . Several models have been proposed to explain the functions of Shh during limb development, such as the growth-morphogen model, the temporal expansion model and the biphasic model (Harfe et al., 2004; Towers et al., 2008; Zhu et al., 2008) . In all these models, a central requirement is the localized expression of Shh in the posterior mesenchyme, which is tightly regulated. Recent analyses have uncovered the upstream regulatory system controlling Shh expression. Of particular importance is the basic helix-loop-helix transcription factor HAND2, which is expressed broadly in the LPM before limb outgrowth, but its subsequent expression becomes confined to the posterior region of both forelimb-and hindlimb-forming regions (Charite et al., 2000) . HAND2 activates Shh transcription in the ZPA by directly binding to the far upstream limb bud-specific cisregulatory element in the Shh landscape (Galli et al., 2010) . In the absence of Hand2, Shh activation is disrupted specifically in the limb bud, and the limb skeleton of Hand2 conditional knockout embryos phenocopies that of Shh -/-embryos (Galli et al., 2010) . Conversely, ectopic expression of Hand2 induces a small ectopic anterior Shh expression domain (Fernandez-Teran et al., 2000; McFadden et al., 2002) . Given that crucial functions of Shh in limb development are linked to its expression in the posterior limb bud, the elucidation of the genetic mechanisms upstream of the Hand2-Shh interactions is important.
A recent report has demonstrated a striking difference in the upstream regulation of limb-specific Hand2-Shh pathways. Inactivating all four Hox9 paralogs (Hoxa9, Hoxb9, Hoxc9, Hoxd9) resulted in the loss of both Hand2 and Shh expression in mouse forelimb buds (Xu and Wellik, 2011) . However, expression of the four Hox9 genes overlaps in the forelimb-but not hindlimbforming area. Consistent with this expression pattern, Hox9 genes are required only in the forelimb-forming area, whereas hindlimb development proceeds normally and Hand2 and Shh are expressed normally in hindlimb buds of mouse embryos lacking all four Hox9 paralogs. This observation indicates that these two homologous tissues, the fore-and hindlimb bud; use different mechanisms to enable Hand2-dependent activation of Shh expression at the posterior margin. Furthermore, the hindlimb budspecific mechanism acting upstream of this Hand2-Shh pathway remained thus far elusive.
Given that the overlapping expression of four Hox9 genes is detected in the forelimb-forming area, it is conceivable that gene(s) selectively expressed in the hindlimb-forming area function upstream of the Hand2-Shh pathway. Knockout studies of genes expressed specifically in the hindlimb-forming region, such as Tbx4, Pitx1 and Hoxc10, failed to demonstrate an involvement in regulation of the Hand2-Shh pathway. In Tbx4 -/-embryos, Hand2 remains expressed in the hindlimb-forming region (Naiche and Papaioannou, 2003) . Pitx1 -/-embryos develop small hindlimbs with five digits, except for the loss of the anterior-most digit in an inbred 129sv genetic background, which pointed to the absence of significant defects in the Hand2-Shh pathway. Pitx1 -/-embryos also exhibited a specific loss of the ilium, the anterior segment of the pelvic girdle, indicating its contribution to development of the anterior-proximal element (Lanctot et al., 1999; Marcil et al., 2003; Szeto et al., 1999) . Inactivating Hoxc10, which marks the hindlimb forming region along with other Hox10 genes (Hoxa10 and Hoxd10) resulted in axial transformations, but only stylopod development was affected (McIntyre et al., 2007; Wellik, 2007; Wellik and Capecchi, 2003) . These studies indicate that Tbx4, Pitx1 and Hoxc10, in combination with other Hox10 genes, are not required to regulate the Hand2-Shh pathway in the hindlimb.
In this study, we identify Islet1 (Isl1 -Mouse Genome Informatics), a LIM-homeodomain protein, as a key upstream regulator that controls the Hand2-Shh pathway specifically in hindlimb buds. Islet1 expression is restricted to hindlimb progenitors, but not to forelimb progenitors Yang et al., 2006) . Our recent analysis demonstrated that Tcre-mediated early inactivation of Islet1 resulted in a complete failure to initiate hindlimb bud development . This phenotype was caused by the lack of proliferation of hindlimb progenitors in the LPM and failure to activate the Fgf10-Fgf8 feedback loop formation. In this article, we conditionally inactivated Islet1 by using the Hoxb6Cre line, which causes Cre-dependent recombination in LPM later than Tcre (Lowe et al., 2000) . This strategy appeared to bypass the early requirement of Islet1, and a large fraction of mutant embryos developed hindlimb buds. The mutant hindlimb buds exhibited downregulation of Shh expression, which is preceded by downregulation of Hand2 expression in the hindlimb-forming region. Our data reveal a novel Islet1-dependent genetic mechanism that controls specifically hindlimb bud development. This mechanism differs from the Hox9-dependent control of early forelimb bud development but converges at the level of Hand2 expression. Moreover, our results point to independent functions of Islet1 and Pitx1 in the patterning of distinct segments of the pelvic girdle in hindlimbs, in contrast to the contribution of Tbx5 to the development of the shoulder girdle as a whole in forelimbs (Rallis et al., 2003) .
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MATERIALS AND METHODS
Mouse lines
The Islet1 flox/flox (Song et al., 2009; Sun et al., 2008) , Hoxb6Cre (Lowe et al., 2000) , Prx1Cre (Logan et al., 2002) and Hand2 +/- (Galli et al., 2010) ). All of the animal breeding and procedures in the Kawakami laboratory were performed according to the approval by the Institutional Animal Care and Use Committee of University of Minnesota. Studies involving mice in the Zeller laboratory were performed in accordance with Swiss law after being approved by the Joint Commission on Experiments involving Animals of the Cantons of Argovia and both Basel.
Gene expression analysis
In situ hybridization was performed according to a standard procedure (Bluske et al., 2009; Kawakami et al., 2009; Wilkinson, 1993) . For quantitative RT-PCR (qRT-PCR) analysis, we collected RNA from the hindlimb bud of each embryo at embryonic day (E) 10.5 using Trizol (Invitrogen), reverse-transcribed 1 g total RNA with oligo dT primer and Superscript III (Invitrogen) and analyzed with an Eppendorf Mastercycler by the TaqMan method following manufacturer's instructions (Applied Biosystems). Probes used were Shh (Mm_00436528_m1), Gli1 (Mm_00494645_m1), Ptch1 (Mm_00436026_m1), Pitx1 (Mm_00440824_m1) and Tbx4 (Mm_00550372_m1), and TATA-binding protein (Tbp) transcripts were used as an internal control (Mm_00446973_m1). Relative transcript levels were normalized using Tbp as internal standard and the average of specific transcript levels of control embryos was set to 100% (n6 embryos). In the case of analysis of Shh transcript, owing to undetectable levels of Shh at E10.5 in mutant hindlimb buds, we pooled hindlimb buds from three E11.5 embryos with identical genotype as a group. Four groups of control and mutant embryos were analyzed. Statistical significance was examined by the independent t-test.
Immunofluorescence and histochemistry
Anti-ISLET1 immunofluorescence was carried out according to a standard method with mouse anti-ISLET1 (39.4D5, Developmental Studies Hybridoma Bank). Detection was carried out using an Alexa488-anti-mouse IgG and a Zeiss LSM710 laser scanning confocal microscope or an HRP-anti-mouse IgG and a Zeiss Axioskop2 compound microscope. For double detection of Hand2 mRNA and ISLET1, section in situ hybridization was performed first with FITC-labeled Hand2 probe, then, sections were incubated with anti-ISLET1, and signals were detected by Alexa488-anti-FITC and Alexa594-anti-mouse IgG. The fluorescent signals were detected using a Zeiss LSM710 laser scanning confocal microscope.
RESULTS
Conditional inactivation of Islet1 causes hindlimb defects
Islet1 is expressed in the posterior embryo, including the hindlimbforming region (Yang et al., 2006) . Development of Islet1-deficient embryos arrests at E9.5 with severe cardiac defects (Cai et al., 2003; Pfaff et al., 1996) , which precedes development of hindlimb buds. Thus, we conditionally inactivated Islet1 in the LPM, where hindlimb bud precursors arise. Cre-mediated recombination by Hoxb6Cre has been shown to take place in the LPM before outgrowth of the hindlimb bud (Li et al., 2005; Lowe et al., 2000) . To establish that this approach eliminates ISLET1 from the hindlimb-forming region prior to the onset of hindlimb budding, we examined ISLET1 immunoreactivity in the LPM of the hindlimb-forming region in mutant embryos (Hoxb6Cre Tg/+ ; Islet1 flox/-, hereafter referred to as Hoxb6Cre; Isl1 cKO) at E9.25-9.5 (20-24 somite stage). Compared with wild-type embryos (n3), ISLET1 was undetectable in LPM of the hindlimb-forming region in four out of nine Hoxb6Cre; Isl1 cKO embryos (supplementary material Fig. S1D ). Three out of nine embryos showed a faint signal in the LPM (supplementary material Fig. S1C ), and two out of nine embryos showed clearly detectable ISLET1 signal (supplementary material Fig. S1B ), although it was reduced in comparison with wild-type controls. These results indicate that Hoxb6Cre inactivates Islet1 with variable efficiency resulting in variable hypomorphic phenotypes. In particular, the early hindlimb initiation defects observed in Tcre; Isl1 mutants are bypassed in a significant fraction of embryos, thereby allowing analysis of altered early hindlimb bud development.
Hoxb6Cre; Isl1 cKO embryos exhibited defects in hindlimb development with varying severity in digit loss (Table 1, Fig. 1 ). In the most severe cases, no hindlimbs formed (4.3%; Fig. 1G ) and only the pelvic girdle, which attaches the leg to vertebrae, was apparent ( Fig. 1I ). It is most likely that this phenotype reflected the morphological consequences of disrupting the Islet1-dependent activation of the Fgf10-Fgf8 feedback loop that is normally required for initiation of limb outgrowth . In the pelvic girdle, the ilium was formed, but the pubis and ischium were not patterned (Fig. 1W) . However, in a fraction of Hoxb6Cre; Isl1 mutant embryos, this complete disruption of hindlimb development was bypassed by hypomorphic ISLET1 levels (supplementary material Fig. S1 ; n5/9). Almost half of mutant embryos (43.5%) displayed hindlimbs with three digits and one zeugopodal bone in combination with a malformed pelvic girdle (Fig. 1D ,O-S). Less severely affected hindlimbs with four digits were also observed (for details, see Table 1 and Fig. 1T-1V ). In these mutants, the most posterior digit 5 was always missing, whereas the most anterior digit 1 formed. The morphology of the other digits probably corresponded to digit 2-4, providing further evidence for the hypomorphic nature of the conditional inactivation (supplementary material Fig. S1 ). A similar variation of digit loss was observed in the hindlimb of Hand2 cKO embryos (Galli et al., 2010) , suggesting that the heterogeneity of inactivation could be the cause of the variation in phenotype. The single zeugopodal element observed in Hoxb6Cre; Isl1 cKO hindlimbs articulates with the femur (Fig. 1M ,R) and, thus, is likely to correspond to the tibia, which indicates that the posterior zeugopod element (fibula) was lost. All mutants with one or two digits also exhibited similar phenotypes in the zeugopod and pelvic girdle, although mutants with four digits showed variable phenotypes in these elements. Thus, the majority of mutants exhibited similar skeletal defects with variable number of digits. No skeletal defects were observed in mutant forelimbs (Fig. 1B ,E,H) as Hoxb6Cre-mediated recombination takes place only in the posterior half of the forelimb field (Lowe et al., 2000) . This is consistent with our recent analysis
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Development 139 (9) of Tcre; Isl1 cKO embryos, in which Islet1 is inactivated in the forelimb-field, but with no alteration of forelimb bud development by E10.0 . Moreover, inactivating Islet1 using the Prx1Cre transgene, a limb mesenchyme-specific deleter, did not alter development of the forelimb skeleton (n10 at E15.5 and n8 in neonates; supplementary material Fig. S2 ). In summary, this analysis reveals the specific but variable loss of posterior skeletal elements in hindlimbs of a large fraction of Hoxb6Cre; Isl1 Embryos at ≥E14.5 and newborns were examined. Both hindlimbs in each embryo were scored independently. *, no hindlimb developed. In the forelimb (B), the scapula (s), humerus (h), radius (r) and ulna (u) are indicated, and in the hindlimb (C), pelvic girdle (p), femur (fe), tibia (ti) and fibula (fi) are indicated. Aut, autopod; sty, stylopod; zeu, zeugopod. (D-I)Lateral views of Isl1 cKO newborn with three digits in a leg (D-F) and a mutant lacking hindlimbs (G-I). In both cases, defects specific to the hindlimb (red arrowheads) were observed (D,G). Forelimbs formed normally (E,H) but only one zeugopodal bone formed in a mutant (F). In the mutant lacking hindlimbs, only the pelvic girdle is present (arrowhead, I) (J-N) Dorsal view of the hindlimb autopod (J), lateral views of the ankle (K) and knee (L) and dorsal views of the knee (M) and pelvic girdle (N) of a control mouse. Digits are numbered 1-5. The calcaneus (ca) in the ankle, and the patella (pa) in the knee are structures characteristic for hindlimbs. (O-S)Dorsal view of the hindlimb autopod with three digits (O). The calcaneus is missing in the ankle (P), but the patella is present in the knee (Q). The knee articulation in Isl1 cKO hindlimbs is similar to that in controls (R). The mutant pelvic girdle consists of an ilium (il) located anteriorly, whereas ischium (is) and pubis (pu) failed to develop. (T-W)Mutants with one digit (T), two digits (U) or four digits (V) were also obtained. In all cases the most anterior digit 1 was present and the most posterior digit (digit 5) was lost (O,T-V). In case of hindlimb aplasia, a pelvic girdle with a morphology similar to the other phenotypic groups formed (W).
cKO embryos. These phenotypes are reminiscent of the limb skeletal defects caused by variable reduction of Shh transcript levels (Galli et al., 2010) .
Significant reduction of Shh expression in the hindlimb bud of Hoxb6Cre; Isl1 cKO embryos Shh is a crucial factor for regulating anterior-posterior patterning and progenitor expansion in the developing limb bud (Towers and Tickle, 2009; Zeller et al., 2009 ). Thus, we examined Shh expression by in situ hybridization. Because the morphological phenotype shows variation, we examined three to four mutant embryos at each stage, and analyzed mutant embryos with smaller hindlimb buds and comparable forelimb bud size in comparison with wild-type controls. At E10.5 (n4) and E10.75 (n3), when Shh expression normally expands within the posterior mesenchyme of wild-type limb buds ( Fig. 2A,B) , no Shh expression was detected in Hoxb6Cre; Isl1 cKO hindlimb buds (Fig. 2E,F) . At E11.5-11.75, when Shh is expressed strongly in the distal-posterior mesenchyme of wild-type limb buds (Fig. 2C,D) , only very low (n3) or no (n1) Shh expression was seen in mutant hindlimb buds (Fig. 2G-HЈ,I ). Collectively, these results demonstrated that in Hoxb6Cre; Isl1 cKO hindlimb buds, Shh expression is very much lowered or even lost from early hindlimb bud stages onwards.
Reduced levels of SHH signaling in hindlimb buds of Hoxb6Cre; Isl1 cKO embryos Loss of Shh results in the development of an autopod with a rudimentary anterior digit (Chiang et al., 1996) , which was also observed in 7.6% of all Hoxb6Cre; Isl1 cKO hindlimbs. However, the hypomorphic nature of the digit loss suggests that SHH signal transduction might occur even at low levels of Shh expression. Therefore, expression of Gli1 and patched homolog 1 (Ptch1), two transcriptional targets of SHH signaling, was examined. Consistent with absent or reduced levels of Shh expression in Hoxb6Cre; Isl1 cKO hindlimb buds, Gli1 and Ptch1 expression was variable. In 1623 RESEARCH ARTICLE Isl1 regulates Hand2 in hindlimb particular at E10.5-10.75, Gli1 (n2/4) and Ptch1 (n2/4) were not expressed in half of all hindlimb buds (Fig. 3A ,C,G,I), and low levels were detected in the others (Fig. 3E,K) . This was similar at E11.5-11.75 for both Gli1 and Ptch1 expression (Fig.  3B,D,F ,H,J,L). qRT-PCR analysis at E10.5 revealed that there were two groups of embryos. In a subset of mutant hindlimb buds (n6), we detected Gli1 and Ptch1 transcripts levels similar to those in control littermates (n6). However, in a distinct subset (n4), Gli1 (58.3%, P0.0026) and Ptch1 (54.3%, P0.0082) expression was significantly reduced in comparison with control littermates (Fig.  3M,N) . The significant degree of variation of Gli1 and Patch1 transcript levels observed by qRT-PCR analysis agrees with the variable expression detected by RNA in situ hybridization. Databased mechanistic models of how SHH controls limb bud patterning, such as the biphasic and temporal expansion models (Harfe et al., 2004; Zhu et al., 2008) , depend crucially on high levels of SHH signaling for specification of posterior digits. The lack of the posterior-most digit 5 in most Hoxb6Cre; Isl1 cKO hindlimb buds (n83/88) is consistent with the observed low levels of SHH signal transduction. Taken together, our results suggest that, owing to the variability in inactivating the conditional Islet1 allele, the levels of Shh transcripts and SHH signal transduction are also variable. This provides a molecular explanation for the variable penetrance of the skeletal phenotypes in hindlimb buds. Additional transcriptional targets of SHH signal transduction include Hoxd13 in the distal mesenchyme (Riddle et al., 1993) and Fgf4 in the apical ectodermal ridge (AER; as part of the SHH/GREM1/FGF feedback loop) (Zuniga et al., 1999) . In particular, Hoxd13 is expressed by the autopod primordia, with the exception of the anterior-most domain in wild-type limb buds (supplementary material Fig. S3A ). In Hoxb6Cre; Isl1 cKO hindlimb buds, the posterior domain of Hoxd13 was reduced (supplementary material Fig. S3G ). Fgf4 expression, which is restricted to the posterior half of the AER, was also more restricted in Hoxb6Cre; Isl1 cKO hindlimb buds. (supplementary material Fig. S3B,H) . Likewise, the posterior expression domains of Tbx2 and Tbx3 were also reduced in Hoxb6Cre; Isl1 cKO hindlimb buds, whereas anterior expression was upregulated (supplementary material Fig. S3C,D,I ,J), similar to Shh -/-forelimb buds (Galli et al., 2010) . Furthermore, the normally anteriorly restricted expression of Alx4 and Irx3 expanded posteriorly in Hoxb6Cre; Isl1 cKO hindlimb buds (supplementary material Fig. S3E ,F,K,L). These expression patterns pointed to a reduction of posterior gene expression and an expansion of anterior gene expression owing to the drastic lowering of SHH signal transduction in Hoxb6Cre; Isl1 cKO hindlimb buds.
Reduced expression and activity of the Fgf10-Fgf8 feedback loop and cell cycle-related genes in hindlimb buds of Hoxb6Cre; Isl1 cKO embryos Distal outgrowth of limb buds requires maintenance of mesenchymal proliferation by the mesenchymal Fgf10 to ectodermal Fgf8 feedback loop (Capdevila and Izpisua Belmonte, 2001 ). Thus, we examined expression of these genes during early stages of hindlimb bud outgrowth. Fgf10 expression was reduced in Hoxb6Cre; Isl1 cKO hindlimb buds at E9.75 in comparison with controls (n4/5; Fig. 4A,H) . Similarly, Fgf8 was detected in a RESEARCH ARTICLE Development 139 (9) narrower AER domain in mutant than control hindlimb buds at E10.0 (n3/3; Fig. 4B,I ). The AER-Fgf8 expression domain expanded in E10.5 mutant hindlimb buds, but remained smaller than in control hindlimb buds (n2/3; Fig. 4C ,J). The reduced expression of both mesenchymal Fgf10 and AER Fgf8 pointed to reduced Fgf10-Fgf8 feedback loop activity, which, in combination with reduced SHH signal transduction, is the likely cause underlying the smaller hindlimb buds in Hoxb6Cre; Isl1 cKO embryos. Consistent with this idea, we found that expression of D type cyclin genes and Myc genes was lowered preferentially in the posterior mesenchyme of Hoxb6Cre; Isl1 cKO hindlimb buds (Fig.  4D-G,K-N) . These genes are known targets of SHH and FGF signaling, and are involved in cell cycle progression (Mill et al., 2005; Roy and Ingham, 2002; ten Berge et al., 2008) . Alterations in expression of these genes are also consistent with the loss of the tibia and digit 5 as evidenced by the skeletal preparations.
Proximal patterning defects in Hoxb6Cre; Isl1 cKO hindlimb buds Hoxb6Cre; Isl1 cKO hindlimb skeletons also exhibited proximal defects (Fig. 1N ,S,W) as in particular the pubis and ischium, two posterior segments of the pelvic girdle, were missing. As Shh -/-limbs develop normal proximal structures (Chiang et al., 2001; Kraus et al., 2001) , the proximal defects are likely to be due to alterations other than the downregulation of Shh. Therefore, we examined expression of some of genes involved in the development of the pelvic girdle (Capellini et al., 2011) . Indeed, the expression of Twist1 and Prrx1 in the proximal hindlimb bud was reduced and Pax1 expression was lost in Hoxb6Cre; Isl1 cKO hindlimb buds (Fig. 5A-C,F-H ). These observations are consistent with the requirement of these three genes for development of the pubis, pubic symphysis and ischium (Krawchuk et al., 2010; Kuijper et al., 2005; ten Berge et al., 1998) . By contrast, expression of Pbx1 and Pbx2 in the proximal region of mutant hindlimbs was similar to that of control embryos (Fig. 5D ,E,I,J). Pbx genes are important for development of the ilium (Capellini et al., 2011) , which was not affected in Hoxb6Cre; Isl1 cKO hindlimbs. These results indicate that Islet1 regulates the ) and Pbx2 (E,J) expression in control (A-E) and mutant (F-J) hindlimb buds at E10.25-11.5. Twist1 expression is detected both in control (A) and mutant (F) hindlimb buds (arrow), but its posteriorproximal expression is downregulated in mutant hindlimb buds (asterisk, F). Prrx1 expression in the proximal region in control hindlimb buds (B, arrow) is lacking from mutant hindlimb buds (G, asterisk). Pax1 is normally expressed in the proximal-anterior region (C, arrow) and is lost from mutant hindlimb buds (H, asterisk). Pbx1 (D,I) and Pbx2 (E,J) is expressed in both control and mutant hindlimb buds (arrows).
genetic programs that regulate the development of the proximalposterior structures independently from its requirement for correct activation of the SHH pathway.
Islet1 appears to not be required for establishing hindlimb bud-specific characters Pitx1, a homeodomain protein, is required and sufficient for determining hindlimb-specific characters (DeLaurier et al., 2006; Lanctot et al., 1999; Logan and Tabin, 1999; Szeto et al., 1999) , whereas the role of Tbx4, a T-box transcription factor, in hindlimb specification remains controversial (Minguillon et al., 2005; Naiche and Papaioannou, 2007; Ouimette et al., 2010) . Localized expression of Islet1 in hindlimb progenitors (Yang et al., 2006) suggests that it might be involved in establishing hindlimb-specific characters. Examination of the skeletal elements in Hoxb6Cre; Isl1 cKO hindlimbs revealed the normal knee articulation and presence of the patella, an element specific to hindlimbs (Fig. 1L,Q) . However, the calcaneus, a hindlimb-specific structure in the autopod was missing (Fig. 1K,P) . The latter aplasia might be secondary to the autopod hypoplasia rather than indicative of losing hindlimb-specific characters. Thus, we addressed further the possible contribution of Islet1 to establishing hindlimb-specific characters by analyzing the expression of hindlimb-specific genes, such as Pitx1, Tbx4 and Hoxc10, in Hoxb6Cre; Isl1 cKO embryos at E10.5 (Fig. 6) . In situ hybridization failed to reveal any significant differences between wild-type and mutant hindlimb buds. In addition, we examined expression of Pitx1 and Tbx4 at E10.5 by qRT-PCR. In both group 1 mutants (Gli1 and Ptch1 levels not significantly altered, Fig. 3M,N) and group 2 mutants (Gli1 and Ptch1 levels downregulated, Fig. 3M,N) , levels of Pitx1 and Tbx4 were comparable to controls (Fig. 6M,N) . These results showed that the expression of hindlimb bud-specific genes was not altered 1625 RESEARCH ARTICLE Isl1 regulates Hand2 in hindlimb in Hoxb6Cre; Isl1 cKO embryos and indicated that Islet1 is not required to establish and/or maintain hindlimb-specific character after activation of the Fgf10-Fgf8 feedback loop .
Islet1 is a hindlimb-specific upstream regulator of the Hand2-Shh morphoregulatory network
Islet1 expression is downregulated during initiation of hindlimb bud outgrowth (Yang et al., 2006) (Fig. 7) and does not overlap Shh expression, which suggests that Islet1 probably controls a regulator(s) of Shh expression. Molecular analysis of Hand2-deficient limb buds has shown that the HAND2 transcriptional regulator is required for activation Shh expression in the ZPA during the early phase of limb development (Charite et al., 2000; Galli et al., 2010) . In particular, conditional Hand2 inactivation disrupts Shh activation and the resulting skeletal phenotypes are strikingly similar to Shh -/-limbs (Galli et al., 2010) . Thus, we investigated whether Islet1 regulates Hand2 upstream of Shh expression. We first examined the ISLET1 protein distribution in hindlimb buds, and discovered that ISLET1 proteins persisted after its transcription had been downregulated (Fig. 7) . ISLET1-positive cells were detected in a broad region of posterior hindlimb buds at E9.75 (27-28 somite stage), and remained in the ventral part of posterior hindlimb buds at E10.0 (30-31 somite stage). We found that the cytosolic Hand2 transcripts and nuclear ISLET1 signal colocalize in a single confocal plane within the mesenchymal cells of posterior hindlimbs at E9.75 (Fig. 8A-D) . Therefore, we comparatively analyzed Hand2 expression at E9.75 (26-28 somites) in the hindlimb-forming region.
In contrast to wild-type controls, Hand2 expression was not detected in hindlimb buds of Hoxb6Cre; Isl1 cKO embryos at E9.75 (26-28 somite stage, n2/3; Fig. 8E,J) . At E10.0 (30/31 somite stage), when Hand2 expression was restricted to posterior mesenchyme in wild-type hindlimb buds (Fig. 8I) , its expression could still not be detected in hindlimb buds of Hoxb6Cre; Isl1 cKO embryos (n3/3; Fig. 8N ). By contrast, the expression of other hindlimb field markers, such as Tbx4, Pitx1 and Hoxc10, was readily detected at E9.75, although Tbx4 levels appeared to be reduced (Fig. 8F-H,K-M) . The expression of these hindlimb-field markers suggested that the hindlimb field is correctly specified whereas the expression of Hand2 was specifically lost in Hoxb6Cre; Isl1 cKO embryos. These results demonstrate that Islet1 acts upstream of the Hand2-Shh morphoregulatory network in hindlimb buds.
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Hand2 expression is activated in a broad region of the LPM as early as E8.5 (Charite et al., 2000) , raising the possibility that Hand2 and Islet1 interact in hindlimb progenitors prior to Shh activation. In the hindlimb-forming region of Hand2 -/-embryos Islet1 was expressed normally (supplementary material Fig. S4A-C,F-H) , which indicated that Hand2 did not regulate Islet1 expression. As the expression domain of Hand2 in the LPM by E9.5 is broader than that of Islet1, any interactions of Islet1 and Hand2 would be likely to take place in the hindlimb field at the time of bud initiation. Taken together, our study points to a hierarchical mechanism in which Islet1 induces Hand2 specifically in the hindlimb bud mesenchyme and HAND2 in turn participates in activation of Shh expression and, thereby, the posterior organizer region.
DISCUSSION
Two phases of Islet1 functions: initiation of hindlimb bud development and establishment of the posterior hindlimb-field upstream of Hand2
In this article, we identified a novel role of Islet1 during posterior hindlimb field development in the mouse embryo. Islet1 expression is initiated in a discrete posterior region of the embryo as early as E8.5, and continues to be expressed in the hindlimb-forming region (Yang et al., 2006) . Islet1 transcripts are downregulated in hindlimb buds by E10.0 (Fig. 7) . Our recent study and this study reveal that Islet1 has two roles during this time window. Early inactivation of Islet1 by the Tcre line resulted in complete disruption of initiating the Fgf10-Fgf8 feedback loop and hindlimb bud outgrowth . Use of Hoxb6Cre, which results in later and more variable recombination than using Tcre (Lowe et al., 2000) (supplementary material Fig.  S1 ), together with stability of ISLET1 proteins (Fig. 7) , did not interfere with the earlier requirement of Islet1 in most cases and allowed us to study a second, later role for Islet1 in establishing the posterior hindlimb field. Weaker but detectable expression of Fgf10 and Fgf8 in Hoxb6Cre; Isl1 cKO hindlimb buds than in control (Fig. 4) illustrates bypassing of the early requirement of Islet1. However, a small fraction of Hoxb6Cre; Isl1 cKO embryos lacked hindlimbs (Fig. 1G-I) , probably owing to variability in the timing of recombination.
Our Hoxb6Cre-mediated conditional knockout analysis demonstrated that Islet1 functions upstream of the Hand2-Shh morphoregulatory system (Fig. 9A) . Previous fate-mapping analysis has shown that Islet1-expressing progenitors in the hindlimb-forming region contribute to mesenchymal tissue of the hindlimb bud in a posterior to anterior gradient (Yang et al., 2006) . This observation is consistent with our finding that Hand2 expression in the posterior hindlimb-field was lost in Hoxb6Cre; Isl1 cKO embryos. The importance of regulating Hand2 specifically during hindlimb development has also been illustrated for dolphins (Thewissen et al., 2006) , which are modern mammalian cetaceans that normally lack hindlimbs. Interestingly, hindlimb bud development is initiated in dolphin embryos, but regresses owing to lack of Shh expression by the ZPA, which results in failure to maintain the AER, and thereby limb bud outgrowth (Capdevila and Izpisua Belmonte, 2001; Johnson and Tabin, 1997) . Dolphin embryos lack Hand2 expression specifically in the hindlimb region, whereas it is maintained in the forelimb region. These alterations bear similarities to the effects on hindlimb bud development of Hoxb6Cre; Isl1 cKO embryos (this study), which suggests that disruption of Islet1-mediated regulation of Hand2 in the hindlimb field might underlie the disruption of hindlimb bud development in dolphin embryos. Therefore, differential regulation of Hand2 in forelimb-and hindlimb-forming regions is likely to be essential for species-specific variations in early limb bud development in different species.
The nascent limb field is pre-patterned by antagonistic interaction between Hand2 in the posterior mesenchyme and Gli3 in anterior mesenchyme (te Welscher et al., 2002) . Our current study shows that in the early hindlimb bud, Islet1 participates in this process upstream of Hand2. In contrast to the widespread Hand2 expression in the LPM (Charite et al., 2000) , Islet1 expression is restricted to the posterior part of the embryo proper and the hindlimb-forming territory (Yang et al., 2006) . As Islet1 is more restricted than Hand2, the Hand2 expression must also be regulated by factors other than ISLET1. Thus, spatial restriction of Islet1 expression in the hindlimb-field might induce polarization of the posterior hindlimb field or early bud mesenchyme by activating the Hand2-Shh pathway specifically in the posterior domain.
Interestingly, Islet1 and Hand2 are also important for development of the second heart field. Mouse embryos lacking Islet1 fail to develop heart structures derived from the second heart field (Cai et al., 2003) , survival and expansion of which requires Hand2 function (Tsuchihashi et al., 2011) . Although the mechanisms by which Hand2 is regulated in the second heart field remains unknown, it is tempting to speculate that Islet1-mediated regulation of Hand2 expression is a shared feature of hindlimb and heart development.
LIM-homeodomain proteins during limb development
Studies to date have identified four LIM-homeodomain proteins that function in limb development. These include Islet1 (this study) , Lmx1b (Chen et al., 1998; Dreyer et al., 1998) , Lhx2 and Lhx9 (Tzchori et al., 2009) . Among these, Islet1 functions specifically during early hindlimb bud development, whereas the others participate in both forelimb and hindlimb bud development. Detailed genetic analysis of Lhx2, Lhx9, Lmx1b and 1627 RESEARCH ARTICLE Isl1 regulates Hand2 in hindlimb their co-factor Ldb1 established that these genes cooperate in an overlapping manner to maintain the FGF10-FGF8 and the SHH/GREM1/AER-FGF signaling feedback loops (Tzchori et al., 2009) . Inactivating several of these LIM-homeodomain factors together results in a failure to maintain Shh and localized Grem1 expression owing to the disrupted feedback regulation. By contrast, our data suggest that Islet1 acts upstream of these feedback loops, which reveals its distinct functions in comparison to the other LIMhomeodomain proteins.
Relationship between Islet1 and the Pitx1-Tbx4 pathway Our recent study showed that early inactivation of Islet1 by Tcre caused reduction, but not abolishment, of Tbx4 expression without significantly altering Pitx1 expression in the LPM . Contrary to this, the expression of Tbx4 was not changed in hindlimb buds of Hoxb6Cre; Isl1 cKO embryos. Thus, the regulation of Tbx4 by ISLET1 appears to be limited to the period preceding hindlimb bud outgrowth, whereas Pitx1 appears to be a major regulator of Tbx4 in developing hindlimb buds (Lanctot et al., 1999) . This is consistent with the observed expression of Islet1 in the hindlimb field and early bud as its expression is terminated by E10.0.
The defects in pelvic girdle development in Hoxb6Cre; Isl1 cKO embryos and Pitx1 -/-embryos are distinct. In Hoxb6Cre; Isl1 cKO embryos, the ilium developed, whereas it was missing in Pitx1 -/-embryos. By contrast, Hoxb6Cre; Isl1 cKO embryos lacked the pubis and ischium, which developed in Pitx1 -/-embryos (Lanctot et al., 1999; Szeto et al., 1999) . Thus, Islet1 and the Pitx1-Tbx4 pathway seem to regulate the development of different segments of the pelvic girdle in a parallel manner. This is in contrast to development of the shoulder girdle. Tbx5 is specifically expressed in the forelimb field (Gibson-Brown et al., 1996) and its conditional inactivation causes loss of the entire shoulder girdle (Rallis et al., 2003) . Thus, the genetic program for girdle development in hindlimbs appears to be regulated in a distinct manner by Islet1 and the Pitx1-Tbx4 pathway, whereas Tbx5 regulates the entire genetic program for girdle development in forelimbs (Fig. 9B) .
Evolutionary aspects of the regulation of the Hand2-Shh morphoregulatory system during paired appendage development Growing evidence shows that early fore-and hindlimb development are controlled by different genetic systems (AbuDaya et al., 2011; Agarwal et al., 2003; Itou et al., 2011; Rallis et al., 2003; Robertson et al., 2007) . Our data, together with the recent analysis of the functions of Hox9 genes (Xu and Wellik, 2011) , provide insight into the genetic disparities that underlie the establishment of the posterior mesenchymal organizer in the foreand hindlimb buds. In the Hox9 quadruple knockout, Hand2 and Shh expression were not activated in forelimb buds, but hindlimb development progressed normally. It was envisaged that a similar scenario involving more posterior Hox paralogs would control Hand2 and Shh in early hindlimb buds. However, no Hox genes that would regulate the early expression of Hand2 in hindlimb buds have been identified (Wellik and Capecchi, 2003) . Our data show that Islet1 fulfills a role similar to Hox9 paralogs and functions as a regulator of the Hand2-Shh morphoregulatory network in early hindlimb buds (Fig. 9A) . Current evolutionary models of the origin of vertebrate appendages suggest that ancestral fin folds acquired Shh expression in posterior mesenchyme, which enabled Development 139 (9) development of the fin bud (Dahn et al., 2007; Tanaka et al., 2002; Yonei-Tamura et al., 2008) . Given that the Hand2-Shh morphoregulatory network controls both teleost pectoral fin and tetrapod limb bud development (Galli et al., 2010; Gibert et al., 2006) , and as both genes are expressed in fin buds of cartilaginous fish (Dahn et al., 2007; Tanaka et al., 2002; Yonei-Tamura et al., 2008) , the direct interaction of HAND2 with Shh cis-regulatory regions would define an evolutionarily conserved module for initiation of appendage development (Charite et al., 2000; Galli et al., 2010; Yelon et al., 2000) . The apparent differences in the genetic systems (Xu and Wellik, 2011 ) (this study) that control fore-and hindlimb bud induction indicate that these two types of paired appendages might have arisen by differential control of the Hand2-Shh module.
